16. Abstracts-phis report presents a method for estimating temperatures of streams in the Green River Basin, Wyoming. The procedure utilizes a regional model for estimating mean daily temperatures of streams at unmeasured sites. The regional model was developed by describing annual temperature patterns at 43 measured sites in the basin and by applying the harmonic function T = M + A [sin (0.0172 t + C)] where: T is mean daily temperature; M, A, and C are harmonic coefficients calculated from data for each stream-temperature station; and t is the day of the water year.
CONTENTS
.02832 cubic meter per second (m 3 /s) Application of the above equation for estimating temperatures at unmeasured sites requires regionalized estimates of the coefficients M, A, and C. Regional estimates were developed with the aid of multipleregression techniques. Harmonic coefficients calculated from measured station data were regressed against physical and climatic characteristics of the stream-temperature stations. The harmonic mean (M) was found to be related to stream elevation (E): M = 19.5 -0.0019 E. Useable regression equations could not be developed for describing regional values of harmonic amplitude (A) and phase coefficient (C). However, station values of A were found to have certain areal patterns, and a map showing regional values was developed for estimating A at unmonitored sites. Variation in station values of C was small (range 2.47 to 3.36 radians), and an average value of 2.68 radians is used for estimating C at unmeasured sites. Examples are presented for utilizing the model to estimate temperatures at unmeasured sites.
INTRODUCTION
This report presents an analysis of water-temperature records for streams in the Green River Basin, Wyoming. Water demands in this area are increasing rapidly as a result of extensive mineral development (Lowham and others, 1976) . The main purpose of this report is to provide a method for estimating stream temperatures at unmeasured sites. This information would aid planning and management of the basin surface waters.
The procedure for developing a technique for estimating stream temperatures consisted of (1) compiling available stream-temperature data for measured sites of the basin,.(2) mathematically describing temperature characteristics at each measured site, and (3) developing a regional model for estimating stream temperatures at unmeasured sites throughout the area.
In addition to describing the estimating technique, this report also includes (1) example problems that describe in detail how the estimating technique may be applied, (2) results of stream-reach profile studies that show downstream changes in temperature characteristics of four major streams in the study area, and (3) results of a trend analysis that was made to detect possible year-to-year (long-term) changes in stream temperature.
Data Available
Temperature data with two different collection frequencies periodic and daily were available for this analysis. Periodic data were available for 44 streamflow stations in and near the study area. The periodic data consist of temperature measurements that are made at streamflow stations when discharge is measured by hydrographers of the U.S. Geological Survey. These temperature measurements have been made about monthly since about 1960. Lengths of the periodic records used in .. this analysis vary from 3 to 15 years. Daily temperature observations, collected by hired observers, were available for six water-quality stations in the study area. Lengths of the daily records vary from 8 to 25 years. Figure 1 shows locations of the stream-temperature stations. Inactive temperature-measurement site.
Site location for example problem.
Basin boundary. (Lowham and others, 1976, p. 40) .
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METHOD OF ANALYSIS
Temperature changes occur in streams mainly as a result of net gains or losses in heat from convection, radiation, evaporation, and solar radiation. Stream temperatures in the study area may vary annually from as low as 0°C during winter periods to over 25°C in late summer, depending on local meteorologic and hydraulic conditions. Seasonal stream-temperature patterns typically exhibit a cyclical pattern through the year. As an example, figure 2 shows the cyclical pattern in periodic observations of water temperature at station 09217000 on the Green River for water years 1961-74.
Harmonic Function
The annual variation of stream temperatures is approximately sinusoidal and has been depicted by the following harmonic function (Ward, 1963; Collings, 1969; Steele and Gilroy, 1972) 
where T = stream temperature, in °C (degrees Celsius) on day t of the water year (October 1 is t = 1); M = mean of the harmonic function, in °C; A = amplitude of the harmonic function, in °C; t = day of the water year (table 2); and C = phase angle of the harmonic function, in radians. Figure 3 is an example of a harmonic function fitted to periodic observations of water temperatures. For streams where water temperatures reach 0°C for prolonged periods in the winter, the harmonic curve becomes discontinuous ( fig. 3 ). Harmonic-function estimates of stream temperatures less than 0°C are disregarded and temperature estimates of 0°C are prevalent during this period.
The harmonic coefficients (M, A, and C) were derived for each station record by regression analysis of equation 1. The analysis procedure was accomplished through the use of a computer program documented by Steele (1974) . Harmonic coefficients were calculated for (1) the period of available record for stations having periodic observations; and (2) individual years for stations having daily observations. The resultant harmonic coefficients from this analysis are listed in tables 3 and 4. Regional Analysis A regional model, from which stream temperatures at unmeasured sites can be estimated, was developed by relating the harmonic coefficients calculated for measured sites to physical and climatic characteristics of the respective streams. Multiple-regression techniques were used to determine which of the selected physical and climatic characteristics significantly affect stream temperature. In this procedure, the harmonic coefficients M, A, and C (dependent variables) were regressed against the following physical and climatic characteristics (independent variables): a. Elevation of stream-temperature site (E), in feet. 
Data Used
Only data for stations having periodic observations were used in the regional analysis. Data for stations with daily observations were not used, because observers who make the observations usually do so at a particular time each day. Thus, the daily observations might not accurately depict daily mean temperatures. The periodic observations are made at various times throughout the day; therefore, in aggregate they more closely depict daily mean temperatures. Most of the observations are made during daylight hours. Depending on the size of the stream and time of year, the periodic observations may represent slightly higher than daily mean temperatures. Variation of temperature within a day is greatest during late summer and least during winter. Diurnal variation has been observed by the author to be as much as 20°C in small plains streams, but it is generally less than about 5°C in large perennial streams.
Data for station 09211200 were not used in the regional analysis because they were known to be affected by Fontenelle Reservoir. Likewise, data for station 09218500 were not used for years later than 1971 when storage in Meeks Cabin Reservoir began.
Harmonic Mean
Results of the regional regression analysis showed an arithmetic function of site elevation (E) to be the most significant independent variable for estimating annual harmonic-mean stream temperature (M). The other physical and climatic characteristics were not found significant enough (at the 1.0 percent level) to warrant inclusion in the estimating relation. The computed equation
has a correlation coefficient (r) of 0.87 and a standard error of estimate (SE) of 0.88°C. Figure 4 is a graph of the above relation exhibiting the data used for its development.
Amplitude
The regional regression analysis also showed site elevation (E) to be the most significant independent variable for estimating amplitude (A). However, regression statistics of the computed equation were poor (r = .49, SE = 1.5°C), and the equation was considered inadequate for prediction purposes. Station values of coefficient A subsequently were plotted on a map, and regional patterns were observed that had not been described by the regression. Using the map plot of station values, lines of equal A were constructed as shown by figure 5. For prediction purposes, the regionalized value of A for an unmeasured site can be determined from figure 5. 
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Phase Coefficient
The regional regression analysis did not yield a relation significantly accurate for estimating the phase coefficient (C). A map plot of C showed no regional trends. As shown by figure 3, C is a measure of when the rising part of the harmonic curve intersects M. This may be calculated in days of the water year by the following equation
Values of C in table 3 have a range from 2.47 to 3.36, an average of 2.68, and a standard deviation of 0.14. For the average C of 2.68 radians, t = 209 days or April 27 (table 2) . Eighty-two percent of the C values in table 3 are within plus or minus one standard deviation (0.14 radians or 0.14/0.0172 * 8 days) of the mean. Considering the low range of variability of this coefficient, it was decided the best estimate of C for prediction purposes would be to use an average regional value of 2.68 radians.
APPLICATION
The harmonic coefficients M, A, and C can be determined and used with equation 1 to estimate mean daily stream temperatures for sites throughout the Green River Basin, Wyoming. The technique applies to relatively natural streams whose temperature characteristics are not appreciably affected by manmade works or ground-water inflows. The technique should not be used to estimate stream temperature just downstream from major dams or from relatively large agricultural, industrial, or municipal return flows. However, it could be applied in these cases to determine what natural stream temperatures would be if certain manmade works were not there.
Care should be exercised when using the technique for sites where substantial ground-water inflows may occur. It is advised that a field visit be made to determine the relative magnitude of such inflow. Several periodic field measurements of stream temperature should be made over a range of conditions to verify estimates from the temperature model. Use of the regional model yields average values that would be expected to occur on a long-term basis.
The following examples demonstrate several applications of the study results: [Harmonic-function estimates of temperatures less than 0°C are disregarded and temperatures of 0°C are used; minimum temperature of fresh water as a fluid is 0°C.]
The above calculations of Tmax and Tmin yield mean daily temperatures. They represent average maximum and minimum values that would be expected to occur over a period of many years. Diurnal variation could cause momentary temperatures different from the mean daily temperatures calculated. From figure 5, the amplitude (A) is shown to be 11.0°C. The average phase coefficient (C) is 2.68 radians. Mean daily temperatures between Tmax and Tmin occur at least twice on the harmonic curve once as the temperature is increasing, and once as it is decreasing. The two dates of occurrence of a specified temperature may be calculated by modifying equation 1 (Shampine, 1977, p . 14-16) , such that
When k = 0 the calculated day represents T when daily temperatures are increasing; when k = 1 the day represents T when daily temperatures are decreasing.
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Assume an estimate is desired of when mean daily temperature is 5.0°C or greater at a site on Bitter Creek about 18 miles east of Rock Springs (site 3, fig. 1 [If t is computed to be greater than 365, subtract 365. This will happen when the falling occurrence is before the rising occurrence during the water year.] t = 404 -365 = 39 or November 8 (table 2). Figure 6 is a graph of the harmonic curve and estimated temperature characteristics for this site.
Estimates of the average lengths of time daily temperatures exceed, or are less than, a specified temperature are determined as follows. Using the above example, mean daily temperatures are estimated to be 5°C or greater during the period April 15 to November 8 (208 days per water year) . Conversely, mean daily temperatures are estimated to be 5°C or less during the period November 8 to April 15 (159 days per water year) . 
DOWNSTREAM TEMPERATURE CHARACTERISTICS OF MAJOR STREAMS
Stream-reach profiles showing downstream changes in water-temperature characteristics were determined for several major streams of the study area. Harmonic coefficients calculated from individual station data (table 3) were compared with coefficients estimated by the regional temperature model. In general, the estimates are close to the station values. Considerable differences may occur when stream temperature is affected by ground-water inflows or by manmade developments.
Green River Figure 8 shows elevation and water-temperature characteristics in relation to downstream distance for the Green River. The effects of Fontenelle Reservoir on the harmonic coefficients M and A at station 09211200 are shown on the graph. Figure 9 shows effects of the reservoir on mean daily stream temperatures at station 09211200, which is located about 1.0 mile downstream from Fontenelle Dam. Comparison of estimates from the regional model with calculated values using data from station 09211200 indicates M has increased and A has decreased due to the reservoir. Figure 8 shows that the calculated temperature characteristics are close to the estimated values at station 09217000, which is about 71 miles downstream from Fontenelle Dam. Thus, the reservoir does not appear to be affecting stream temperatures as far downstream as station 09217000. The actual stream distance for which stream temperatures are influenced varies with meteorologic and hydraulic conditions. A deterministic temperature model such as the one developed by Jobson (1973) could be used to predict the downstream effect of the reservoir on temperature of the Green River for any particular day of the year. The model utilizes stream velocity, depth, and local wind speed to determine the downstream persistence of manmade stream-temperature changes. The model could be applied to other streams as well, and could be used in conjunction with the regional model of this report to predict effects of return flows and reservoirs on downstream temperature. Effects of proposed as well as existing developments could be analyzed through the use of such models.
Big Sandy River Figure 10 shows elevation and water-temperature characteristics in relation to downstream distance for the Big Sandy River. Comparison of the calculated versus estimated values shows anomalies in A at station 09213500 and in M at station 09216000. The high value of A at station 09213500 is apparently the result of high summertime temperatures. There is relatively little irrigation upstream from the station. Also, a review of streamflow records shows average annual runoff to be 86.0 ft 3 /s at station 09212500 and 86.5 ft 3 /s at station 09213500. These values indicate there is little inflow between the stations. 
ELEVATION (E), IN FEET ABOVE
HARMONIC MEAN (M) AND AMPLITUDE (A), IN DEGREES FAHRENHEIT (°F)
Thus, neither irrigation nor ground-water inflows appear to be the cause of the high A. However, from Buckskin Crossing to station 09213500, the stream crosses a plains area where streambank vegetation is sparse. The high summertime temperatures are evidently the result of high ambient air temperatures, coupled with a scant amount of shade along the stream.
Significant ground-water inflows occur in the lower reach of the Big Sandy River, and the increase in the value of M at station 09216000 is attributed to these inflows. Base-flow measurements of the Big Sandy River were made by the author and others during November 17 and 18, 1976. Discharge of the Big Sandy River increased from 29.0 ft 3 /s just downstream from the confluence of Little Sandy Creek to 71.8 ft 3 /s just upstream from the confluence with the Green River. This increase of almost 43 ft 3 /s was noted to occur as a result of ground-water inflows to the Big Sandy River. Temperatures of these inflows averaged about 9.0°C. Figure 11 shows elevation and water-temperature characteristics for the Blacks Fork in relation to downstream distance. The calculated temperature coefficients at station 09217900 are appreciably different from the estimated values. The calculated M is about 2.0°C higher than the value estimated with the regional model; whereas, A is almost 4.0°C lower. These differences may be attributed to large spring inflows in the headwaters of the stream. Stream temperatures at the station have not had sufficient time to equalize to surrounding meteorologic conditions.
Blacks Fork
Values of M and A for station 09218500 are shown for both the period of record before construction of Meeks Cabin Dam (1961-70) and the period after . It is evident that the reservoir has reduced A and increased M in the reach just downstream from the dam.
The high value of A calculated for data at station 09222000 is apparently caused by high summertime temperatures. There are diversions for irrigation of about 62,200 acres above the station. The high value of A for the station is attributed largely to the effects of this irrigation on stream temperatures.
Little Snake River Figure 12 shows elevation and water-temperature characteristics in relation to downstream distance for the Little Snake River. The estimated harmonic coefficients compare closely with the station values, except for A at station 09259700. The higher value of A is attributed to high summertime temperatures caused by irrigation diversions and return flows upstream from the station. 
TRANSIENT COMPONENTS IN STREAM TEMPERATURES
The harmonic coefficients based upon annual incremental records can be used to study year-to-year (long-term) variation in stream-temperature characteristics. For example, figure 13 shows annual values of M for the six water-quality stations having daily observations of temperatures. Visual inspection and statistical analyses of the coefficients M, A, and C were made to detect possible trends or changes caused by factors other than natural variation. Kendall's tau test for trend analysis (Steele and others, 1974, p. 43-47) was applied to the data listed in table 4. No significant trends (at the 99 percent level of confidence) were detected at any of the six daily-record stations.
The trend analyses would not detect manmade influences that have existed during the periods of records. For example, data for station 09211200 (Green River below Fontenelle Reservoir) have been obtained only since the reservoir was constructed. Had preconstruction data been available, the effect of the reservoir on stream temperatures would have been apparent. (See Bolke and Waddell (1975, p. A21-A24) for example of the effect of Flaming Gorge Reservoir on the Green River.)
Stream temperatures at station 09211200 were shown previously in the report to be affected by Fontenelle Reservoir. However, annual values of harmonic-mean temperatures at the downstream station 09217000 (Green River near Green River) did not appear to be affected by the reservoir since storage began in 1964. (See fig. 9 .) Figure 14 shows annual values of harmonic-mean water temperatures for station 09217000 along with mean air temperatures for the National Weather Service station at Green River. Cumulative moving averages of the means also are shown in the figure. Inspection of the harmonic-mean water temperatures indicates no apparent trends. However, mean air temperatures appear to have decreased since about 1960. An investigation of the airtemperature data revealed that the weather station was moved in November 1957 from the post office in town to the water plant along the river. The new location is closer to the river, which would account for lower temperature readings. 
where T is the estimated mean daily temperature, M, A, and C are regionalized harmonic coefficients, and t is the day of the water year.
Regional values of the harmonic mean (M) are determined from the relation M = 19.5 -0.0019 E, where E is stream elevation. Regionalized values of the harmonic amplitude (A) are determined from figure 5. An average value of 2.68 is used for the regional value of the phase coefficient (C). By knowing the location and elevation of a stream site, an estimate of mean temperature may be calculated for any day of the year. Example problems were presented that describe in detail how the estimating technique is applied.
Except for reaches downstream from ground-water inflows or from municipal and (or) industrial return flows, streams in the study area are likely to have minimum wintertime temperatures of 0°C along with an associated ice cover. Maximum daytime temperatures in late summer are dependent upon local meteorlogic and hydraulic conditions. High summertime temperatures occur in small plains streams in the interior of the basin. Daytime temperatures of these streams occasionally exceed 25°C Diurnal variation of small plains streams has been observed to be as much as 20°C in summer, but for large perennial streams it is generally less than about 5°C. The regional technique does not define diurnal variation at unmeasured sites. Several field measurements, made at different seasons of the year, are necessary to define diurnal variation.
Stream-reach profiles were presented that showed downstream changes in water-temperature characteristics of four major streams in the study area. These profiles verified the regional temperature model. They also indicated that ground-water inflows, irrigation, and reservoir storage are affecting temperatures in reaches of several of the streams.
A statistical analysis of temperature data for six daily-record sites showed that no general trends or changes have occurred since data collection began. However, local changes have occurred as a result of manmade developments. The most noticible changes in stream temperatures are caused by reservoir storage, such as by Meeks Cabin Reservoir (since 1971) and by Fontenelle Reservoir (since 1963).
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